Previously, we have reported an association between clozapine use and elevated FL3 neutrophil fluorescence, a flow-cytometric parameter for cell viability. Here, we developed and evaluated a pharmacokinetic-pharmacodynamic model relating FL3-fluorescence to clozapine exposure and derived a nomogram for estimation of long-term adherence.
Introduction
Schizophrenia is a severely disabling chronic form of mental illness with a prevalence of about 1% of the world population [1] . Pharmacotherapy with antipsychotics forms the cornerstone of treatment. Within this group, clozapine is the only drug with demonstrated efficacy in treatment-resistant schizophrenia [2] [3] [4] [5] . Moreover, it is the only agent with demonstrated antisuicidal properties [6] .
Known for its serious adverse effects including agranulocytosis, use of clozapine is limited to those suffering from treatment-resistant schizophrenia. Nonadherence is a major issue in the treatment of schizophrenia. An estimated 25% of the patients are partially compliant within the first 7-10 days of treatment [7] and studies estimate the mean overall prevalence of nonadherence between 40 and 50% [8] . Results of one study revealed that half of the ambulant schizophrenic patients take <70% of their medication [9] . Another study showed that low treatment adherence is associated with a two-fold increased risk for relapse in psychotic disorders within 6 months after discharge [10] . More specifically, gaps in antipsychotics coverage of 10 days based on dispensing data were associated with an increased risk of psychiatric hospitalization [11, 12] , reflecting the potential forgiveness of antipsychotic agents. Compared to other atypical antipsychotics, higher rates of adherence were observed with clozapine, explained by superior efficacy or the requirements for close monitoring [13] . An earlier cohort study showed that 11% of patients registered to receive clozapine did not initiate therapy, while 30% discontinued therapy after having received clozapine for at least 1 week [14] .
Given the strong relationship between serum concentrations and clinical effect of clozapine, therapeutic drug monitoring (TDM) is a valid tool to optimize dosing [15] . TDM may also be used to assess adherence to therapy [16] ; however, due to relatively short elimination half-life of clozapine of about 14 h [17] and of its main metabolite N-desmethylclozapine (18 h [17] ), serum concentration monitoring only provides information on clozapine intake for a few days prior to blood sampling at most. Therefore, a biomarker providing long-term information on adherence would be of great value.
Neutrophil granulocyte fluorescence measured at the FL3 channel on a flow cytometer, in this article termed FL3-fluorescence, is used as a flow-cytometric parameter that measures nucleated red blood cells and white blood cell viability by propidium iodide (PI) staining. Elevated FL3-fluorescence has been serendipitously observed in patients using clozapine [18] . In a previous study, our group assessed the association between clozapine use and FL3-fluorescence [19] . FL3-fluorescence was significantly higher in clozapine users than in nonusers. FL3-fluorescence was found to increase with increasing clozapine dose and at a given clozapine dose, this fluorescence intensity seemed to reach a maximum. Also, the degree of elevation in FL3-fluorescence was most likely to be associated with duration of clozapine therapy. To determine whether FL3-fluorescence could serve as a potential biomarker to estimate patients' long-term adherence to clozapine, information regarding the time course of FL3-fluorescence in relation to clozapine therapy is the next step. The objectives of the current study were to describe the association between FL3-fluorescence and clozapine therapy in time using pharmacokinetic (PK)/pharmacodynamic (PD) modelling and to establish a nomogram for estimating longterm adherence based on FL3 values.
Methods

Patient population and data collection
Data were extracted from the Utrecht Patient Oriented Database (UPOD), which is an infrastructure of relational databases comprising data on patient characteristics, hospital discharge diagnoses, medical procedures, medication orders and laboratory tests for all patients treated at the University Medical Center (UMC) Utrecht since 2004 [20] . UPOD data acquisition and data management were in line with current Dutch regulations concerning privacy and ethics. The data used for this cohort study were collected for patient care purposes and were used retrospectively. Because no extra material, for example, blood samples, is taken from patients, there is not a requirement to obtain informed consent from individual patients or seek institutional review board approval for every study protocol. The structure and content of UPOD have been described in detail elsewhere [20] .
The study population comprised of all psychiatric inpatients of the UMC Utrecht aged 16 years or older having been prescribed clozapine between February 2004 and September 2013 with at least two FL3-fluorescence measurements available (see below). Clozapine use was defined as having a medication order for clozapine. A medication order was defined as an order in the computerized physician order entry system. Clozapine medication orders, comedication, clozapine serum levels, indications for clozapine prescriptions and comorbidity were retrieved from the medical record.
Definition clozapine starters and stable users
Start of clozapine was defined as a first clozapine prescription with no evidence of a clozapine prescription for at least 1 month before, followed by a gradual dose escalation resulting in a dose of at least 50 mg once daily within the subsequent 7 days. Participants were followed until they were defined as stable users or stopped clozapine therapy. Stable clozapine users were defined as patients with a medication order for clozapine where the prescribed dose remained unchanged for at least 5 consecutive days or information in the patient records explicating continuing of same dose for at least 5 days, as it was expected that clozapine PK reached steady state after 5 days.
FL3-fluorescence of neutrophil granulocytes
UPOD contains specific haematology data of automated blood cell analyses performed by the Abbott Cell-Dyn Sapphire automated haematology analyser (Abbott Diagnostics, Santa Clara, CA, USA) [21] [22] [23] . A feature of this analyser is that all parameters of the complete blood count are measured irrespective of the requested parameter. The analyser is equipped with an integrated 488 nm blue diode laser and uses spectrophotometry, electrical impedance and laser light scattering (multiangle polarized scatter separation), to measure the complete blood count and to classify the white blood cell (WBC) counts. For the WBC differential count the following five optical scatter signals are measured for each individual cell: cell size (0°scatter, axial light loss), cell complexity and granularity (7°scatter, intermediate angle scatter), nuclear lobularity (90°scatter, polarized side scatter), depolarization (90°depolarized side scatter) and red fluorescence [90°(FL3), 630 ± 30 nm]. This FL3-fluorescence parameter measures nucleated red blood cells and WBC viability by PI staining. PI, one of the reagents used by the analyser, is capable of crossing the cell membrane of nonviable WBCs and stains nucleic acids (RNA and DNA). The WBC viability is reported by the analyser as the white cell viability factor. In the current analysis, only FL3-fluorescence values associated with a white cell viability factor of ≥0.95 were included to differentiate between fresh and old samples [24] . Because the clinical relevance of the FL3 parameter is unknown, this parameter was not reported to the physician but still included in the UPOD database.
PK/PD model development
Nonlinear mixed-effect modelling was performed using NONMEM software (Version 7.2.0; ICON Development Solutions, Ellicott City, MD, USA). NONMEM runs were executed using Pirana modelling and simulation workbench for NONMEM [25] . The first-order conditional estimation with interaction (FOCE-I) method was used. The minimum value of the objective function (OFV, -2 times the log likelihood), typical goodness-of-fit diagnostic plots, evaluation of the precision of model parameter and variability estimates were used for model selection during the model-building process. Data processing and preparation of plots was performed in R (version 3.2.1).
Clozapine plasma concentration data were not available for this study so a previously published model was employed [26] . Population PK parameters were fixed to those in the original model and population PK predictions were used as a driving force for the PD model.
A PK/PD model was built to describe the relation between clozapine plasma concentrations and FL3-fluorescence over time. During PD model building-process, different drug effect models and drug effect delay models were tested.
Interindividual variability for PD parameters was modelled assuming a log normal distribution:
where P i is the individual parameter, θ P is the typical value of the parameter and η P, i is the random effect for that parameter with a mean of 0 and variance of ω P 2 . Additive, proportional, additive-proportional and exponential error models were tested to describe residual error in FL3-fluorescence prediction.
The evaluation of the model was carried out by means of an internal validation process. Nonparametric bootstrap resampling (n = 1000) was applied to the final model and the 95% confidence intervals (95%CI) for the estimates were calculated. The mean and 95%CI (2.5 and 97.5% percentiles) of these 1000 estimates were compared to those obtained in the original population set.
Development of adherence nomogram
The final PK/PD model was implemented in R as a set of ordinary differential equations. Interindividual and residual variability was taken into account in these simulations. A 100-day study was simulated with 10 000 patients in each study arm. Three study-arms were included: clozapine 50, 150 and 400 mg daily. The main outcome was FL3-fluorescence values at the end of study period. A 100-day period was chosen so that steady state was reached across model compartments. To simulate a wide variety of treatment adherence patterns, a random clozapine-intake probability (between 0-1 from a uniform distribution) was generated for each patient. Then, this probability was used to determine whether each patient did or did not take their clozapine dose for each scheduled dose administration.
Simulation results were explored to find the relations between daily clozapine dose, treatment adherence and FL3-fluorescence values at steady state. A graphical nomogram was then designed for estimation of predicted treatment adherence (PTA) expressed as proportion (%) daily doses taken over 100 days.
The ABC taxonomy, as described by the EMERGE steering committee [27] , was followed for describing and defining adherence to clozapine use by means of: (i) initiation; (ii) implementation; and (iii) persistence of therapy.
Evaluation of the nomogram
The predictive performance of the nomogram was also investigated through simulations. The same study design as used in nomogram development was employed. For each simulated patient, nomogram-based PTA values were compared to true treatment adherence (TA) to evaluate predictive performance. The median absolute prediction error (PE) and interquartile range (IQR) were calculated for each dosing level. PE was calculated as:
As an exploration of model robustness in adverse conditions, the nomogram was also tested assuming nonrandom adherence as might be expected in clinical practice. In these simulations, on the last day before FL3-fluorescence analysis, patients with adherence levels equal or above 80% took the prescribed dose, and those patients with adherence below 80% took double the prescribed dose. In addition, we simulated three specific nonrandom adherence patterns (A, B and C) to evaluate the predictive performance of the nomogram. Details of these patterns are described in the legend of Figure 5 .
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [28] , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18.
Results
Data
A total of 27 patients (181 FL3 measurements) starting clozapine therapy were followed-up after initiation of clozapine therapy. Patient characteristics are shown in Table 1 .
PK/PD model development and evaluation
Among the tested PD model structures to describe FL3-fluorescence, the final model (schematic representation in Figure 1 ) consisted of an effect compartment linked to FL3-fluorescence by an E max effect model. FL3-fluorescence was described by:
in which, FL3 0 denotes the baseline value of FL3-fluorescence, Emax denotes the maximal effect (maximal increase of FL3-fluorescence relative to FL3 0 ), Ce 50 denotes the concentration of clozapine in the effect compartment which produces 50% of maximal effect and C e denotes the concentration of clozapine in the effect compartment, which was described by:
In this equation, C p denotes clozapine plasma concentration and k out denotes the effect compartment elimination rate constant. k out was parameterized as:
where Te1 2 denotes elimination half-life in effect compartment, which was estimated.
Residual error in FL3-fluorescence was modelled using:
where FL3 obs is the observed FL3-fluorescence, FL3 is the model predicted FL3-fluorescence and ε exp,FL3 represents the exponential random error for FL3. It was assumed that ε is normally distributed with the mean 0 and variance σ 2 .
The model adequately described the data, as can be seen in the goodness-of-fit plots: Figures Model parameter estimates, estimation errors and bootstrap results are shown in Table 2 . All parameters were estimated with adequate precision and results of the bootstrap analysis were in close agreement with the final parameter estimates. Schizoaffective disorder, n (%) 3 (11.1)
Psychotic disorder NOS, n (%) 3 (11.1)
Delirium in pre-existing Lewy body dementia, n (%)
(3.7)
Schizophreniform disorder, n (%) 1 (3.7)
Depressive disorder with psychotic features, n (%)
BMI, body mass index; NOS, not otherwise specified; SD, standard deviation Figure 1 Schematic representation of the model Estimation of long-term adherence to clozapine with neutrophil fluorescence
Development of nomogram
Results for the 100-day simulation study with 10 000 patients in each study arm (clozapine 50, 150 and 400 mg daily, fully random adherence) are presented in Figure 3A . The relationship between FL3-fluorescence and treatment adherence in patients receiving 50 mg clozapine four times daily was almost linear. At higher doses (150 and 400 mg), this relationship was strongly nonlinear. To develop a nomogram for clozapine adherence prediction, both daily dose and FL3-fluorescence values must be considered as shown in Figure 3A . Hence, the nomogram consisted of the representation of median FL3-fluorescence 
Evaluation of the nomogram
The performance of the nomogram for the 100-day simulation study with 10 000 patients in each study arm (clozapine 50, 150 and 400 mg daily, fully random adherence) is presented in Figure 4A . Median absolute prediction errors (PE) and the IQR (%) for the 50, 150 and 400 mg arms were -0.193 (IQR -14.1-14.2), -0.193 (IQR -10.9-10.7 and -0.525 (IQR -12.1-11.8), respectively. No relevant bias was shown in nomogram predictions under these conditions.
In case of nonrandom adherence (e.g. patients with low adherence take a double dose just before measurement) the performance of the nomogram is shown in Figure 4B . Under these conditions the median absolute PE and IQR (%) were 4.07 (IQR -9.50-18.7), 4.37 (IQR -7.05-16.6) and 5.19 (IQR -8.43-17.6). In addition, we tested a few typical adherence patterns to calculate the performance of the nomogram in each specific pattern in the 150 mg daily study arm, as depicted in Figure 5 . Pattern 5A reflects a nonuniform pattern across the whole study period. Until day 75, all doses were taken and, subsequently, every 2 days, a dose was not taken, resulting in an overall adherence rate of nearly 90%. Pattern 5B depicts a uniform pattern across the study period, with one dose being omitted each 3 days (overall adherence rate of nearly 66%). Lastly, pattern 5C depicts also a uniform pattern, with one dose being omitted each 2 days (overall adherence rate of 50%). Median absolute PE and IQR (%) for pattern 5A, 5B and 5C were, respectively, -27.97 (IQR -42.42 to -7.23), -0.47 (IQR -16.79-25.65) and 2.54 (IQR -11.05-18.78).
Discussion
Previously, we performed a cross-sectional observational study reporting a significant association between clozapine use and FL3-fluorescence [19] . FL3-fluorescence was elevated Estimation of long-term adherence to clozapine with neutrophil fluorescence in clozapine users and found to increase with increasing clozapine dose. However, the timing of onset and maximal increase of FL3-fluorescence after initiation of clozapine therapy was not quantified. This information would contribute to the evaluation of FL3-fluorescence being a potential long-term adherence biomarker. For this, we developed a PK/PD model based on additional data. In the results of our data analysis, two essential factors arose. First, a significant nonlinear relationship appears to exist between clozapine dose and FL3-fluorescence evidenced by the E max model that describes this relationship. Moreover, FL3-fluorescence based estimations of adherence can only be performed taking the clozapine dose into account. As depicted in Figure 3 , the association between adherence and FL3-fluorescence at a clozapine dose of 50 mg day -1 displays an almost linear relationship, indicating that the nomogram becomes less discriminative at lower clozapine dose, resulting in increased prediction errors (Figure 4) . Second, the half-life of FL3-fluorescence elevation after clozapine exposure appeared to be approximately 230 h (CV 35%), which would imply that nearly 48 days (5 times the half-life) are needed to reach steady state condition of elevated FL3-fluorescence. This long half-life makes FL3-fluorescence an appropriate indicator for long-term adherence.
As depicted in Figure 5 , in case of nonrandom specific adherence patterns, the performance of the nomogram is not expected to change when the adherence pattern is more or less uniform across the whole study period of 100 days, evidenced by the patterns in Figure 5B and Figure 5C . More specifically, random omission of intake leading to short drug holidays (period of consecutively omitting clozapine intake) do not affect the performance of the nomogram, in accordance with the long half-life of FL3-fluorescence. This would also indicate that long drug holidays, thereby forcing clozapine intake to follow a nonuniform pattern across the study period, affect the performance of the nomogram. That is, the longer the drug holiday, the more time is given for enhanced FL3 to normalize towards baseline, eventually affecting the predictive performance of the nomogram negatively. In other words, if the patterns change considerably during the study period, results will depend mainly on the pattern in the period preceding the FL3 measurement as evidenced by Figure 5A .
Compared to the average completion over the 100-day study period, the nomogram gives a biased estimate of adherence. However, an adequate estimation of adherence of the 3 weeks preceding the FL3 measurement is obtained. These results indicate that FL3 measurement could be considered as a potential mid-term adherence marker estimating adherence over approximately 3 weeks.
In our dataset, we only had data from patients available who started clozapine therapy. Including patients who discontinued therapy would have provided an improved estimate of the half-life of elevated FL3-fluorescence, which is the key parameter for establishment of adherence based on this parameter. Unfortunately, FL3 measurements in patients discontinuing clozapine were scarce in our dataset, since, in clinical practice, blood counts are not routinely monitored after cessation of therapy. The findings described above are consistent with our previous cross-sectional observational study, in which clozapine users who did not show elevated fluorescence appeared to be in the clozapine initiation phase and thus had not yet reached steady state of elevated FL3-fluorescence.
Clozapine doses of 50, 150 and 400 mg day -1 were chosen for the simulation study, related to clinical practice, since these dosages distinguish geriatric and psychiatric indications, are prescribed as maintenance dose in initial clozapine therapy and prescribed as effective chronic maintenance dose.
The exact mechanism of FL3-fluorescence increase on clozapine use remains unknown. Considering the half-life and thus the period needed to reach steady state (approximately Figure 4 Prediction error of the nomogram. (A) Prediction error when nomogram is tested in patients having random adherence. (B) Prediction error when nomogram is tested with patients having nonrandom adherence (on the last day before FL3-fluorescence analysis, patients with adherence levels equal or above 80% took the prescribed dose, and those patients with adherence below 80% took double the prescribed dose). Box and whisker plots depict the median and interquartile range of the prediction error 48 days) of FL3-fluorescence, the physiology of elevated FL3-fluorescence might be linked to incorporation of this signal in the bone marrow. Indeed, FL3-fluorescence is observed in neutrophil granulocytes and it is established that duration of myelopoiesis takes a matter of weeks [29] .
A limitation of our study is our assumption that patients included in this study were fully adherent to clozapine. However, all participants were inpatients and clozapine intake took place under surveillance.
Another limitation is the lack of potential relevant covariates including smoking status and plasma concentrations. However, the smoking status might have an impact on clozapine exposure, but its influence on FL3-fluorescence is unknown. Furthermore, it should be noted that the nomogram does not take parameter uncertainty into account. Full evaluation of the predictive performance can only be performed with additional data from patients with known and preferably also suboptimal adherence.
An advantage of FL3-fluorescence is that this flowcytometric marker is determined automatically on the Abbott Cell-Dyn haematology analyser when a blood count is being measured, which is often the case in clozapine users. For this reason, no additional costs or sample preparation are needed to obtain FL3-fluorescence. Nevertheless, this specific flowcytometric analyser is not available in every clinical setting. Thus, signal output of other flow-cytometry channels from other flow-cytometry analysers should be examined and interpreted differently.
To date, as far as we know, a biomarker that could estimate long term clozapine adherence -similar to glycated haemoglobin providing long-term information about glucose control -has not been established yet. Previously, other long half-life markers are described in the assessment of adherence, including very low-dose phenobarbital (to investigate adherence in patients on reducing doses of methadone) [30] , bromide in hypertensive patients [31] and methotrexate polyglutamates in juvenile idiopathic arthritis and juvenile dermatomyositis [32] . In contrast to FL3 fluorescence, mentioned markers were quite time-, cost-and work-consuming, therefore hampering use in clinical practice. However, just like FL3 fluorescence, so called drug holidays cannot be assessed due to the long half-life of the markers. Moreover, levels of such markers would not indicate when the last dose was taken or reflect irregular intake pattern exactly.
The developed nomogram could be of value in forensic psychiatry. Monitoring of adherence to clozapine in this setting is of high importance, especially in patients who can become a danger to their environment in case of nonadherence, including patients admitted under involuntary commitment or by authorization of the court. In these patients, assurance of adequate medication intake, supported by monitoring tools such as the developed nomogram, can contribute to better diagnosis and prognosis as clinicians are provided information on adherence patterns so that they can anticipate and prevent relapses. Moreover, this is valuable due to the lack of a depot formulation for clozapine.
As a suggestion for future studies, we propose to conduct a prospective validation study first comparing FL3 measurements with other forms of adherence measurements (e.g. MEMS). This would ultimately show the predictive performance of the current nomogram and will serve as external
Figure 5
Nonrandom adherence patterns and prediction error of the nomogram. (A) Pattern A: until day 75 all doses were taken in. From day 75 a dose was not taken every 2 days. Thus, the overall adherence rate is nearly 90%. (B) Pattern B: throughout all 100 days, starting from day 1 a dose was not taken every 3 days. Thus, the overall adherence rate is nearly 66%. (C) Pattern C: throughout all 100 days, starting from day 1, a dose was not taken every 2 days. Thus, the overall adherence rate is nearly 50%. (D) Prediction error when the nomogram is tested in patients following patterns A, B and C Estimation of long-term adherence to clozapine with neutrophil fluorescence model evaluation. Eventually, this could be followed by a prospective validation in clinical settings, linking estimated adherence to clinical outcome measures.
Conclusion
With our proposed nomogram clinicians are offered an additional tool to obtain indicative information regarding longterm clozapine adherence. Together with TDM, the use of the nomogram could depict any possible nonadherence in a broader context.
Future studies should point out the extent of uniformity in neutrophil fluorescence signal on several different analysers compared to FL3-fluorescence signal obtained with the Abbott Cell-Dyn. Also, a prospective follow-up study comparing true adherence (measured with microelectromechanical systems or other adherence mechanisms) with the nomogram estimated adherence should be conducted to further evaluate our established model and nomogram for use in clinical practice.
Competing Interests
The division of Pharmacoepidemiology and Clinical Pharmacology, Utrecht Institute for Pharmaceutical Sciences, employing the authors I.W., E.H., W.S. and T.E., has received unrestricted funding for pharmacoepidemiological research from GlaxoSmithKline, private-public funded TopInstitute Pharma and includes co-funding from universities, government, and industry, the Dutch Medicines Evaluation Board and the Dutch Ministry of Health.
UPOD is the result of the close collaboration between the Department of Pharmacoepidemiology and Clinical Pharmacology of the Utrecht Institute for Pharmaceutical Sciences of Utrecht University and several departments within UMC Utrecht. We are indebted to all our colleagues involved with the UPOD initiative. Thanks to Dr Mark de Groot for his contributions to the data management in UPOD.
